The effects of streptozotocin (STZ) diabetes and insulin on regulation of renal kallikrein were studied in the rat. 1 and 2 wk after STZ injection, diabetic rats had reduced renal levels and urinary excretion of active kallikrein. Tissue and urinary prokallikrein levels were unchanged, but the rate of renal prokallikrein synthesis relative to total protein synthesis was reduced 3045% in diabetic rats. Treatment of diabetic rats with insulin prevented or reversed the fall in tissue level and excretion rate of active kallikrein and normalized prokallikrein synthesis rate. To further examine insulin's effects, nondiabetic rats were treated with escalating insulin doses to produce hyperinsulinemia. In these rats, renal active kallikrein increased. Although renal prokallikrein was not increased significantly by hyperinsulinemia, its synthesis was increased. As this was accompanied by proportionally increased total protein synthesis, relative kallikrein synthesis rate was not changed. Excretion of active kallikrein was unchanged, but prokallikrein excretion was markedly reduced. Therefore, increased tissue active kallikrein seen with hyperinsulinemia can be explained not only by increased synthesis but also by retention and increased activation of renal prokallikrein. These studies show that STZ diabetes produces an impairment in renal kallikrein synthesis and suggest that this disease state also impairs renal prokallikrein activation. The findings also suggest that insulin modulates renal kallikrein production, activation, and excretion.
arterioles and glomerular mesangial cells support the possibility that the renal kallikrein-kinin system may be a participant in the tubuloglomerular feedback mechanisms that regulate glomerular function (5) (6) (7) (8) . Kinins can also cause marked changes in electrolyte and water transport in renal tubules and in other transporting epithelia (9) (10) (11) (12) . These properties of renal kallikrein and kinins may be relevant to numerous observations, made over the years, of abnormalities of both the enzyme and its products in hypertensive and renal diseases (13) .
Because diabetes mellitus is associated with abnormalities of renal hemodynamics and renal electrolyte metabolism, which may contribute to the complications of the disease, we began studies of renal kallikrein in diabetic humans and animal models (14, 15) . We previously found that renal levels and excretion of immunoreactive kallikrein and kallikrein-like esterase activity are reduced in streptozotocin (STZ)' diabetes, and this reduction precedes the onset of systemic hypertension in this model (1 5) . Hayashi et al. (16) reported similar findings. In the present studies, we have investigated mechanisms responsible for the reduced renal kallikrein content and enzymatic activity in this diabetic model as well as the effects of insulin on renal kallikrein synthesis, levels, and excretion. A monoclonal antibody that recognizes only active kallikrein was used to quantitate active and prokallikrein in renal tissue and urine (17) , and a recently developed technique was used to measure the rate of prokallikrein synthesis (1 8) .
Methods STZ-diabetic rats. Male Sprague-Dawley rats (Charles River Breeding Laboratories, Inc., Wilmington, MA) weighing 185-220 g were used in these studies. Rats were housed four to five per cage, except when urine was collected over 24 h, when they were housed individually in metabolic cages (Nalge Co., Rochester, NY). At all times rats had free access to water and regular chow. Diabetes was induced by a single intravenous injection of STZ, 65 mg/kg body wt. STZ was a gift from the Upjohn Co., Kalamazoo, MI. Control rats received no injection. After 24 h diabetes was confirmed in STZ-treated rats by tail-vein plasma glucose level. Rats were excluded if their plasma glucose was < 250 mg/dl. Glucose levels were subsequently measured at 9 a.m., at intervals throughout the studies, to characterize the diabetic state. Diabetic rats treated with insulin were given daily (10 a.m.) subcutaneous injections of 2.00-2.25 U protamine zinc insulin (PZI; protamine zinc and iletin, Eli Lilly & Co., Indianapolis, IN). Insulin treatment was begun 24 h after STZ injection, after diabetes was confirmed, or delayed for 1 wk. In the latter studies PZI was supplemented on the first 2 d of treatment with 2 U of regular insulin (Iletin II, Eli Lilly & Co.) given at 5 p.m.
Urines collected were assayed for glucose and active and prokallikrein. At predetermined times, rats were anesthetized with sodium pentobarbital (50 mg/kg body wt i.p.) or ether (synthesis rate studies), and kidneys were removed for measurements of total protein, kallikrein, and kallikrein synthesis rate. Each kidney was perfused via the renal hilus with 10 ml iced cold saline (0.9%) and then immediately frozen at -20'C until assays were performed. To measure synthesis rates, rats were injected intraperitoneally with [35S]methionine: 1 MCi/g body wt, diluted 1 MCi/Mul saline (translation grade, > 800 Ci/mmol, New England Nuclear, Boston, MA). 20 min after injection, rats were anesthetized and the kidneys prepared as above.
Hyperinsulinemic nondiabetic rats. Renal kallikrein synthesis, level, and excretion rate were measured in normal rats treated with insulin to produce hyperinsulinemia. The protocol used is shown in Fig. 1 and was adapted from Kobayashi and Olefsky (19) . Male Sprague-Dawley rats weighing 180-230 g were injected subcutaneously, twice daily (from day 2), with progressively increasing doses of isophane insulin suspension (neutral protamine Hagedorn, Iletin II, Eli Lilly & Co.). One-third of the daily dose was given at 9 a.m., and two-thirds at 5 p.m. The control group was injected at the same times with an equal volume of insulin diluting fluid (Eli Lilly & Co.). To avert hypoglycemia, insulin-treated rats had free access to sugar cubes and 5% glucose drinking water, in addition to regular rat chow. Rats were housed four to five per cage or individually in metabolic cages for urine collection. On days 5 and 12, tail-vein plasma glucose levels were measured before the a.m. and p.m. doses of insulin. On day 13, 24 h after the last injection, the rats were anesthetized and kidneys were removed and prepared as above. Insulin levels were measured in plasma obtained at the end of the study by cardiac puncture. Animals in which kallikrein synthesis rate was measured received an intraperitoneal injection of [S3]methionine 20 min before being anesthetized and killed.
Preparation of kidney homogenates. Kidney tissue was minced and homogenized in 5 ml PBS (0.14 M NaCl in 0.01 M Na2HPO4-NaH2PO4, pH 7.4) with a teflon/glass homogenizer (15 strokes). Sodium deoxycholate was then added to the tissue homogenate (0.5%, final concentration) which was then incubated at 4VC for 60 min. The homogenate was centrifuged (27,000 g) at 4VC for 45 min and the supernatant centrifugally filtered through Sephadex G-25 (Pharmacia Fine Chemicals, Piscataway, NJ) to remove salts and detergent (15 
Results
Renal kallikrein levels and excretion in diabetes. Renal tissue levels of total, active, and prokallikrein in control and diabetic rats at 2 wk are shown in Fig. 2 . A reduction in total kallikrein seen in diabetic rats is entirely accounted for by a reduction in the level of active kallikrein (25.6±2.2 vs. 54.7±2.7 ng/mg protein, diabetic vs. control, respectively, P < 0.001). Renal prokallikrein levels were unchanged by the diabetic state (24.1±1.8 vs. 24.7±3.0 ng/mg protein, diabetic vs. control). Plasma glucose levels in the diabetic rats, measured at the end ofthe study, were 489±22 mg/dl, compared with 1 19±3 mg/dl in control rats (P < 0.00 1). Final body weights were 234±6 g in diabetic rats and 288±2 g in controls (P < 0.001).
We then examined the effects of insulin replacement on both renal levels and urinary excretion of active and prokallikrein. 1 wk after induction of diabetes (n = 13), kallikrein excretion was measured in diabetic (n = 12) and control rats (n = 12). Six of the rats from each group were killed for measurement of renal kallikrein and the remainder of the diabetic rats (n = 7) were begun on daily insulin treatment (2.25 U PZI). At the end of the second week, urinary and renal tissue kallikrein levels were measured in these insulin-treated diabetic and agematched control rats.
The body weights, plasma glucose levels, and urinary glucose excretion of these diabetic and control rats are shown in Table I . Body weight was reduced in diabetic rats after 1 wk, but after insulin replacement weight increased, such that diabetic and control rats had similar weights at the end of the second week. Plasma glucose levels in diabetic rats were markedly increased at 1 and 7 d, and were associated with heavy glycosuria on day 7. Insulin treatment reduced plasma and urinary glucose to or below control levels on day 14.
Renal levels and urinary excretion of active and prokallikrein in these rats are shown in Fig. 3 . After 1 wk, diabetic rats had reduced renal tissue levels of active kallikrein. This reduction in active kallikrein (44%) was similar to the reduction seen after 2 wk of diabetes in the first study (53%). Neither renal prokallikrein nor total kallikrein level was changed after 1 wk of diabetes. The reduction in renal active kallikrein induced by diabetes was accompanied by a reduction in excretion of active enzyme, and the normal renal prokallikrein level was accompanied by normal prokallikrein excretion. Replacement of insulin in diabetic rats, for 7 d, returned renal and urinary active kallikrein to levels not different from control rats. The fall in renal kallikrein induced by diabetes, and reversed by insulin, was also evident when kallikrein levels are expressed as nanograms kallikrein per gram tissue or nano- Renal kallikrein levels and excretion in hyperinsulinemia. The effects of insulin on renal kallikrein were also studied in nondiabetic rats made hyperinsulinemic by treatment with insulin. The protocol is shown in Fig. 1 . Plasma glucose and insulin levels in these insulin-treated and control rats are shown in Table III . In insulin-treated rats, p.m. plasma glucose levels were significantly reduced by day 5, yet remained within the normal range. By day 12, the insulin-treated rats showed a further reduction in p.m. plasma glucose. The plasma insulin level obtained 20-22 h after the last p.m. insulin injection was significantly increased in these rats, compared with control rats.
Renal kallikrein levels (day 13) and urinary excretion (day 12) are shown in Fig. 4 . The level of active, as well as total, renal kallikrein was significantly increased in hyperinsulinemic rats compared with controls (P < 0.05 or less). Renal prokallikrein tended to increase, but the change was not statistically significant (P < 0.07). In contrast to increased renal levels of kallikrein, urinary excretion of total and prokallikrein were significantly reduced in hyperinsulinemic rats (P < 0.005, both), with prokallikrein excretion nearly halfthat in controls. This finding of reduced total and prokallikrein excretion on day 12, in the face of increased renal levels of total and active enzyme, is supported by additional measurements obtained in a subset of rats from each group (n = 6, each). In these rats excretion rates were measured throughout the 12-d course of insulin treatment. The results (Fig. 5) control, respectively).
[35S]Methionine incorporated into kallikrein and into total protein were both significantly increased in hyperinsulinemic rats (Table IV) . Therefore, the relative rate of kallikrein synthesis was not different, suggesting that synthesis of many renal proteins was increased by insulin.
Discussion
In a previous study we found that renal tissue levels and urinary excretion of total immunoreactive kallikrein were re- The protocol of twice daily insulin treatment to produce hyperinsulinemia in rats is shown in Fig. 1 . Control rats were injected with equal volumes of vehicle. Plasma for glucose was drawn before insulin injections at 9 a.m. and 5 p.m. Plasma for insulin was drawn 22 h after the final p.m. insulin dose.
* P < 0.001 vs. control.
* P < 0.01 vs. control.
duced in the STZ-diabetic rat (15) . The application of a newly developed, monoclonal antibody radioimmunoassay for active kallikrein (17) now reveals that STZ diabetes reduces renal and urinary active kallikrein, while prokallikrein levels in tissue and urine remain normal. In addition, the relative kallikrein synthesis rate is also reduced in the STZ-diabetic rat, and this is the first disease state in which an abnormality of kallikrein synthesis has been found. This reduction in prokallikrein synthesis, accompanied by a normal tissue prokallikrein level and a reduced level of active kallikrein, suggests that the reduction in active kallikrein in STZ diabetes is due to impaired renal prokallikrein activation, rather than an increase in the level of an inhibitor of active kallikrein. This conclusion is also supported by the finding that kallikrein was reduced in measurements using the kallikrein polyclonal antiserum, which detects complexed kallikrein (24) . The response of renal kallikrein to insulin treatment, in either STZ-diabetic or normal rats, suggests that insulin modulates renal kallikrein production and that changes in circulating insulin levels might explain the renal kallikrein abnormalities in diabetes. First, replacement of insulin in STZ-diabetic rats resulted in a normalization of kallikrein synthesis, tissue level, and excretion rate. Second, in diabetic rats, untreated or treated with insulin, the level of renal active kallikrein correlated directly with the plasma insulin level measured at the same time (r = 0.66, data not shown). Third, administration of insulin to normal rats, in a dosage which produced hyperinsulinemia, produced a significant increase in the tissue level of active kallikrein and tended to increase the renal prokallikrein level. Fourth, measurements of synthesis rate in this model of insulin excess revealed that incorporation of methionine label (Fig. 1) , renal active kallikrein was increased in the H-I group. Urinary excretion of total and prokallikrein were reduced compared with controls. Each bar represents the mean±SE of measurements made on the number of animals indicated at the base of the solid bars for each group. tP < 0.005, §P < 0.05, compared with control.
into kallikrein, as well as into TCA-precipitated protein, was increased (Table IV) . Since these increases in incorporation of label were proportional, kallikrein synthesis relative to total protein synthesis was not increased by insulin excess.
Taken together, these responses in diabetic and normal rats suggest that insulin's effects on the synthesis of kallikrein and total protein differ between states of low, normal, and excess insulin. That is, incorporation of [35S]methionine into renal kallikfein was increased after insulin replacement in diabetic rats and after insulin administration which produced insulin excess in normal rats. However, incorporation of labeled amino acid into total, TCA-precipitated protein was significantly increased only in the latter. Although we did not detect an increase in TCA-precipitated protein counts in the insulintreated diabetic rats, it is possible that insulin replacement did increase synthesis of some proteins other than kallikrein, but that we were not able to detect the increase in counts that would be contributed from these proteins, as we were able to do for selectively precipitated kallikrein.
It is relevant to point out that phosphoenolpyruvate carDays Figure 5 . Urinary excretion of active and prokallikrein in control and hyperinsulinemic rats. Treatment with escalating doses of insulin for 12 d (Fig. 1 ) resulted in a significant reduction in the excretion of prokallikrein, which was first noted on day 9. *P < 0.001, lization (27) , suggesting that reduced degradation may contribute to the increase in protein content in diabetic kidneys. While we found that the incorporation of [35S]methionine into kallikrein in diabetic kidneys was generally reduced, incorporation into TCA-precipitated protein was not different from control rat kidneys (Table II) . Therefore, the reduction in kallikrein synthesis relative to total protein synthesis cannot be explained by increased total protein synthesis. Neither is the reduction in renal kallikrein level in diabetes (nanograms per milligram protein) merely the result of increased protein content, because the changes persist when levels are expressed relative to kidney weight or as total renal kallikrein content. Although the effects of diabetes and insulin on renal kallikrein may not be unique to this enzyme, it is apparent that the spectrum of kallikrein changes we observed are not simply due to generalized changes in renal proteins in response to diabetes or insulin.
In this regard, in the hyperinsulinemic rats we could not attribute the increase in renal active kallikrein to a specific increase in kallikrein synthesis rate. Since the major route of kallikrein elimination from renal tissue is the urine (28) , and urinary excretion ofprokallikrein in hyperinsulinemic rats was markedly reduced (46%), it is reasonable to suggest that the increase in tissue active kallikrein resulted from reduced prokallikrein excretion and increased activation. Although reduced, the magnitude of reduction in prokallikrein excretion in hyperinsulinemic rats was not accompanied by a quantitatively equivalent increase in renal kallikrein content. That is, daily prokallikrein excretion was reduced -60 ,ug, whereas the increase in active and prokallikrein of both kidneys totalled -5 ug. This suggests that a significant portion of the unexcreted prokallikrein must be either degraded in the kidney or released by other routes as zymogen or active enzyme. We did find a small (18%), but significant, increase in the level of serum immunoreactive tissue kallikrein in these rats (data not shown). The notion that increased activation of renal tissue prokallikrein occurred in hyperinsulinemic rats is supported by the consistent finding that increasing circulating insulin, from low to normal or normal to excess, was associated with increased renal active kallikrein, independent of changes in tissue prokallikrein level.
The relationships between insulin and renal kallikrein regulation suggested by our data are depicted in Fig. 6 . Several facts may be relevant to our finding that insulin stimulates prokallikrein synthesis and activation. Receptors for insulin have been identified on the basolateral membrane of rat and rabbit renal tubule cells (29, 30) , and in rat kidney these receptors have structural and functional properties similar to insulin receptors in other tissues (29) . In the rabbit it has been shown that the density of insulin receptors is greatest in the distal convoluted tubule (30) , a site where kallikrein has been localized by immunohistochemical and microdissection techniques (31) (32) (33) , and where kinins are generated (34) . Furthermore, ultrastructural immunocytochemistry has demonstrated that kallikrein is distributed along the basolateral membranes of connecting tubule cells in the distal tubule (35) , and these membranes, when isolated, contain both active enzyme and prokallikrein (36) . Amongst its effects on renal function, insulin increases sodium reabsorption by the distal tubule (37) . It is possible that renal kallikrein could be involved in this action of insulin because states of sodium retention can be associated with raised renal kallikrein levels and synthesis ( 18, 38) , and kinin products of tissue kallikreins are potent stimuli to renal epithelial ion transport (9) (10) (11) worthy of note that when diabetic or normal rats were treated with insulin in our study, increases in renal kallikrein were accompanied by significant reductions in sodium excretion (data not shown).
Other data are beginning to suggest that renal kallikrein and kinins participate in tubuloglomerular feedback mechanisms (1) (2) (3) (4) (5) (6) (7) (8) , and our preliminary studies support the possibility that the abnormalities of renal kallikrein we have discovered may contribute to abnormalities in renal hemodynamics and glomerular filtration. In the untreated STZ-diabetic rat, reduced renal and urinary active kallikrein are associated with reduced glomerular filtration rate and renal plasma flow, and both the kallikrein and renal function abnormalities are reversed by treatment with insulin (39) . Diabetic rats that are chronically treated with insulin show increases above normal in renal as well as urinary active kallikrein. These rats have raised renal plasma flow and glomerular filtration, which can be reversed by treatment with aprotinin (40) . The nondiabetic hyperinsulinemic rats that have raised renal active kallikrein also show increased relative rates of glomerular filtration and renal plasma flow (unpublished observations). More recently, we have found that other hyperfiltration states are associated with raised kallikrein activity as well (41) . The availability of specific kallikrein inhibitors (42) and kinin antagonists (43) now make it possible to begin to assess the significance of alterations in kallikrein regulation to renal function.
